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Emergence of η-pairing ground-state in population-imbalanced attractive Fermi-gases
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We explore the ground states in population-imbalanced attractive 1-D fermionic optical lattice
filling p orbitals over the lowest s one by using the density-matrix-renormalization-group (DMRG)
method. The DMRG calculations find the occurrence of spatially non-uniform off-diagonal long-
range order. In contrast to Fulde-Ferrel Larkin-Ovchinikov pair as observed in the single-band
Hubbard model. The spatial oscillation period of the pair correlation function is widely fixed to
be pi irrespective of the mismatch between spin-split Fermi surfaces. The ground-state pi order
corresponds to η-pair condensate predicted by Yang [Phys. Rev. Lett. 63, 2144 (1989)]. Taking
account of the effects of harmonic traps, we confirm that the η-pair state distinctly emerges at the
center of the trap potential surrounded by perfectly-polarized states even in the trapped cases.
PACS numbers: 67.85.Lm, 74.20.Rp, 67.85.-d, 75.40.Mg
I. INTRODUCTION
Ultracold atomic gases offer excellent playgrounds to
study many-body quantum effects. Indeed, atomic Fermi
gases loaded on optical lattices have attracted much at-
tention as virtual strongly-correlated electron systems [1,
2]. One of the advantages using optical lattices is the tun-
ability of interaction which ranges from attractive to re-
pulsive through the Feshbach resonance. Moreover, var-
ious kinds of lattice configurations are available. The
uniquness opens a field studing not only unsolved issues
in condensed matter physics like magnetism and High-
Tc superconductivity but also imaginary exotic ordered
states.
Manipulating orbital degrees of freedom in atomic
gases is presently of particular interest [3–8]. The marked
effect of orbitals is to provide rich internal degrees of
freedom into atomic gases in addition to spin one. The
multiple orbital degrees of freedom lead to non-trivial
structures of quantum phases like the Haldane phase as
seen in fermionic 1D chains [7–10]. To reveal which types
of quantum phases the orbital degrees of freedom bring
is an attractive issue in exploring intriguing varieties of
many-body quantum phenomena.
In this article, we study interplay of orbital degrees
of freedom and population imbalance in an attractively-
interacting Fermi 1D chain with double degenerate p-
orbital using the density matrix renormalization group
(DMRG) method [11–13]. The population imbalance
in attractive Fermi gases allows to observe the Fulde-
Ferrell [14] Larkin-Ovchinnikov [15] (FFLO) superfluid
phase (See, e.g., Refs. [16–23]). The Cooper pair in
FFLO phase has non-zero center-of-mass momentum,
and then the order parameter is non-uniform in the real-
space. Our calculations confirm the emergence of FFLO
phase in the present p-orbital model with power law de-
cay, while a more striking result is the occurrence of
another quantum phase leading to the long-range cor-
relation with non-zero center-of-mass momentum. This
phase corresponds to the off-diagonal-long-range ordered
state predicted by Yang [24] called as η-pair conden-
sate state. The pairing mechanism of the FFLO state
is responsible for the spin-split Fermi surfaces, i.e., the
center-of-mass momentum in the pair depends on the
mismatch of the Fermi surfaces. In contrast, the center-
of-mass momentum of η-pair is always fixed as π owing
to pseudo-spin SU(2) symmetry in the Hubbard Hamil-
tonian [24, 25]. The possibility of η-pair has been re-
cently discussed in the context of Iron-based supercon-
ductors without spin-imbalance [26–29] and fermionic
system on optical lattices with ac fields [30]. We clarify
how η-pairing phases emerge in the present system by
examining the pair correlation function based on DMRG
calculations.
We stress that the occurrence of η-pairing is notable,
since this state is an eigenvector but not the ground state
of the single-orbital Hubbard Hamiltonian [24, 25]. The
underlying mechanism of the η-pairing in the present sys-
tem is revealed, in terms of the repulsive-attractive trans-
formation [31, 32]. In addition, we study the effect of
the harmonic trap potential on the formation of the η-
pairing state, towards the experimental verification. We
show that the η-paring state in a trapped system occurs
at the center of the trap potential, surrounded by a spin-
polarized state.
The paper is organized as follows. The Hamiltonian for
a uniform 1D p-orbital chain is shown in Sec. II, with a
brief summary of the properties without the population
imbalance. Section III is the main part of this article.
The DMRG-calculation results are shown for the uniform
system (Sec. III A) and the trapped system (Sec. III B),
focusing on the pair correlation function. At the end of
Sec. III A, the occurrence of the η pairing state is ex-
plained, in terms of the repulsive-attractive transforma-
tion. We summarize the results in Sec. IV.
2II. MODEL
We study 1D Fermi gases with partially-filled p-orbital
and completely-filled lower-energy orbital [7, 8] (see also
appendix A). This model is attainable in two-component
Fermi gases (atomic gases with spin degrees) on an op-
tical lattice highly elongated along one direction (i.e., z-
axis). The cylindrically-symmetric potential perpendic-
ular to z-axis (i.e., potential on xy-plane) induces orbital
characters into the system. The spatial symmetry indi-
cates that the energy levels with respect to p-orbital are
degenerate. The double degenerate px and py orbitals
are active degrees of freedom. The model Hamiltonian
with total spatial sites L is given by
H =
L∑
i=1
[
− t
∑
p,σ
(c†p,σ,i+1cp,σ,i + h.c.)
−µ
∑
p,σ
np,σ,i − h
∑
p
Szp,i
+
∑
p
Upp
(
np,↑,i −
1
2
)(
np,↓,i −
1
2
)
+
∑
p6=p′
Upp′
(
ρp,i · ρp′,i − Sp,i · Sp′,i
)]
. (1)
where np,σ,i(= c
†
p,σ,icp,σ,i) is the on-site number op-
erator for the p-orbital with spin σ. The spin-
1/2 and the pseudo-spin-1/2 operators are, respec-
tively, Sp,i =
1
2c
†
p,iτcp,i and ρp,i =
1
2 c˜
†
p,iτ c˜p,i, with
cp,i =
t(cp,↑,i, cp,↓,i) and c˜p,i =
t(cp,↑,i, c
†
p,↓,i), where
τ = (τx, τy, τz) are the 2 × 2 Pauli matrices. The phys-
ical variables in Eq. (1) are the hopping matrix ele-
ment t along the chain, the chemical potential µ, the
magnetic-field strength h, and intra-/inter-orbital on-site
coupling constants Upp′ . The orbital degeneracy leads to
Upxpx = Upypy , and then the intra-orbital coupling con-
stant is denoted as Upp. We always set attractive two-
body interaction, i.e., Upp < 0 through this article. In
typical atomic-gas experiments, the introduction of the
population imbalance changes h.
Here, we briefly summarize the properties of this sys-
tem, without the population imbalance (h = 0). When
balanced (h = 0), we have SU(2)spin × SU(2)pseudo-spin
symmetry of Eq. (1) with the half filling (µ = 0). By
taking the strong coupling limit (|Upp| ≫ t), this system
is reduced to be the pseudo-spin-1 Heisenberg model [8],
Hps =
∑
<i,j>
Jex(ρ
z
i ρ
z
j − ρ
x
i ρ
x
j − ρ
y
i ρ
y
j )− 2µ
∑
i
ρzi , (2)
with ρi =
∑
p ρp,i and Jex = 2t
2/(|Upp| + |Upxpy |). Ac-
cording to the Haldane conjecture [33], a charge gap
(pseudo-spin gap) opens at half filling (µ = 0), where
density and pair correlation functions (longitudinal and
transverse correlation of pseudo spins) decay exponen-
tially. This is a Haldane insulator phase. The formation
of the Haldane insulator phase is proposed in different
atomic-gas systems, such as bosonic [34] and fermionic
chains [8, 10]. Below the half filling, the charge gap
closes. The spin chain is regarded as the Luttinger liq-
uids [35]; both the charge and the pair correlations decay,
with a power law. To sum up, when the population im-
balance is absent, the properties of the p-orbital 1D chain
is similar to a simple 1D chain, except the half-filling case.
III. NUMERICAL RESULTS
We examine the ground-states in the p-orbital 1D
chain (1) under non-zero population imbalances by us-
ing the density-matrix-renormalization-group (DMRG)
method [11–13]. The number of the states kept is varied
from 400 to maximally 1500 depending on the conver-
gence tendency of the calculations. Imposing the open
boundary conditions, we perform the calculations with
varying the intra-orbital coupling, the filling, and the
population imbalance. The inter-orbital coupling is fixed
by a relation Upxpy = Upp/3 [7].
To achieve the variations of the filling and the popula-
tion imbalance instead of µ and h in Eq. (1), we change
N↑ + N↓ and N↑ − N↓ as input parameters, where the
spin-up particle number is N↑ and the spin-down N↓. In
the uniform system, we use the filling rate per orbital and
the polarization rate per orbital, respectively, defined as
n˜ = (N↑ + N↓)/4L and m˜ = (N↑ − N↓)/2L, since the
intensive quantities well characterize system features.
A. Uniform System
First, we calculate the spatial correlation func-
tion for the on-site singlet pair, ∆p,i = cp,↓,icp,↑,i.
The two-point pair correlation function between sites
i + r and i Cpair(i + r, i) = 〈∆p,i+r∆
†
p,i〉, where
〈·〉 is the expectation values in the ground state of
Eq. (1). A way to minimize finite-size effects is required
to check how long the correlation spatially extends.
We use the spatial averaged pair correlation function
Cpair(r) = [1/(L− 2i0 − r)]
∑L−i0−r
i=i0+1
Cpair(i+ r, i) [36],
where the summation is taken over an inner domain in-
side the system chain, [i0 + 1, L − i0 − r] with an edge
cut-off parameter i0. Considering the uniform system,
we focus on the case below the half filling (n˜ < 1) with
positive imbalance ratio (m˜ > 0). We note that the re-
sults for n˜ > 1 and m˜ < 0 are identical with the ones for
2− n˜ and −m˜ .
Figure 1 shows Cpair(r) for different values of Upp/t.
The filling and polarization rates are fixed as n˜ = 0.88
and m˜ = 0.6. The total number of the spatial sites is
L = 100, and the positional number of the edge cut-off
sites is i0 = 25. We find a damped oscillating behavior
for Upp/t = −3 and −9 [Fig. 1(a) and (b)]. In contrast,
for strong attractive interaction Upp/t = −15, a stag-
gered oscillating behavior is observed [Fig. 1(c)]. Figure
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FIG. 1: (Color online) Spatially averaged pair correlation
function Cpair(r) as a funtion of relative site difference r, for
on-site intra-orbital interaction strengths (a) Upp/t = −3, (b)
Upp/t = −9, and (c) Upp/t = −15, in uniform p-orbital 1D
chain (1), respectively. The absolute value for each Upp/t in
a log-log plot is shown in (d). The total number of the sites
is L = 100, and the filling rate and the magnetization density
rate are, respectively, n˜ = 0.88 and m˜ = 0.6 (i.e., N↑ = 148
and N↓ = 28).
1(d) shows the decaying manner of Cpair(r) more clearly.
The power-law decay is found for Upp/t = −3 and −9,
whereas the decay for Upp/t = −15 is much slower.
Now, let us classify the quantum phases below the half-
filling in non-zero imbalance ratios. We focus on the
spatial period of the two-point pair correlation function
Cpair(ic+ r, ic) in the central site of the chain, ic = L/2.
Performing the Fourier transformation of Cpair(ic+ r, ic)
with respect to r, we obtain the wave vector k¯ charac-
terizing the spatial period. Figure 2(a) shows the wave
vectors k¯ for different m˜ and Upp/t. The filling is fixed
as n˜ = 0.875, which is almost the same as in Fig. 1.
Figure 2(b) shows k¯ on n˜-m˜ plane at Upp/t = −15
(strong inter-orbital interaction) for L = 40. We find
that the quantum phases are classified into three classes.
When giving a small imbalance rate [e.g., m˜ < 0.4 for
Upp/t = −15 in Fig. 2(a)], the wave vector k¯ is pro-
portional to m˜, i.e., k¯ = πm˜. This phase is considered
to be the FFLO superfluid phase, since k¯ is equal to
the difference between the p-orbital Fermi wave vectors,
kF,p,↑ − kF,p,↓ with kF,p,↑(↓) =
∑
i πnp,↑(↓),i/L. The sec-
ond phase is a phase-separated (PS) phase for small n˜
and large Upp/t as seen in Fig. 2(b) (the gray-colored
region). In the inset of Fig. 2(b), we exhibit the emer-
gence of the phase-separated polarized regions. The third
phase occurs when both m˜ and Upp/t are large. Then,
the wave vector k¯ is just equal to π independent of the
value of m˜. Since the pairing state has always center-of-
mass momentum equal to π, it is clear that an η-pairing
state [24] emerges in this range (η-pairing phase).
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FIG. 2: (Color online) (a) Wave vector (spatial periodicity)
k¯ of a two-point pair correlation function versus the mag-
netization rate m˜, for the intra-orbital interaction strengths
Upp/t = −3, −9, and −15, in uniform p-orbital 1D chain (1).
The filling rate is n˜ = 0.875. The total number of the sites is
L = 40. (b) Phase diagram of the ground states in Eq. (1),
for Upp/t = −15. The Fulde-Ferrell and Larkin-Ovchinnikov
superfluid phase is denoted by FFLO. The phase-separation
phase is by PS. The η-pairing phase is by η-pairing. The in-
set shows the particle-density profile np(i) = 2〈ρ
z
p,i〉 + 1 and
the spin-density profile mp(i) = 2〈S
z
p,i〉, to show the phase-
separated behavior in PS.
Now, let us study the origin of the η-paring state. For
the purpose, we apply attractive-repulsive transforma-
tion [31, 32], cp,↑,j → c¯p,↑,j and c
†
p,↓,j → e
ipixj c¯p,↓,j into
Eq. (1), where xj is the coordinate of the site j along
the chain. Writing the parameter- and the operator-
dependences explicitly, H = H(µ, h, Upp′ , cp,σ,i, c
†
p,σ,i),
we find that the transformed Hamiltonian H¯ =
H(h, µ, −Upp′ , c¯p,σ,i, c¯
†
p,σ,i) , where the attractive inter-
action Upp′ becomes the repulsive one, the role of the
chemical potential µ (filling) is replaced by the magnetic
field h (population imbalance), and vice versa. The pair
correlation function 〈∆p,i+r∆
†
p,i〉 is transformed into the
magnetic correlation for transverse direction 〈S¯−p,i+rS¯
+
p,i〉,
where S¯p,i is the transformed spin-1/2 operator. Then,
the FFLO state correspond to the transverse compo-
nent of the spin density wave whose spatial modulation
is characterized by the density of holes. We stress in
the transformed system that the particles on px- and
py-orbitals interact with each other via Hund’s cou-
pling, −|Upp′ |S¯p,j · S¯p′,i and a hole-doped two-degenerate
band system with the Hund’s coupling exhibits the
ferromagnetism in the strong coupling range [37, 38].
Moreover, it is remarkable that the long-range order of
the ferromagnetic correlation for the transverse direc-
tion, i.e., limr→∞〈S¯
−
p,i+rS¯
+
p,i〉 = const, transforms into
the pair correlation function with π phase variation,
limr→∞〈∆p,i+r∆
†
p,i〉 = e
−ipir × const. Consequently, one
finds that the η-pairing state corresponds to the ferro-
4magnetic ground-state in the repulsive model through the
transformation. Namely, the growth of the off-diagonal
long-range correlation is associated with that of the fer-
romagnetic order whose origin is the strong correlation
under the orbital degeneracy. Furthermore, we point out
that η-pairing state emerges as the ground-state in the
present model in contrast to the single-orbital Hubbard
Hamiltonian [24], in which the state is not the ground-
state but an excited eigen-state.
B. Trapped System
Next, we investigate the effects of the harmonic trap
potential since typical atomic-gas experiments utilize
the trap potential to prevent the escape of the atoms.
We add the harmonic trap Htrap =
∑
p,σ,i Vho(i)np,σ,i
with Vho(i) = V [2/(L− 1)]
2[i− (L+ 1)/2]2 into Eq. (1).
Hereafter, we concentrate on highly imbalanced cases
since large m˜ favors the occurrence of the η-pairing state
[Fig. 2] in the uniform system. In all the calculations, the
harmonic-trap height is fixed as V/t = 1.7, and the total
number of the spatial sites, L = 80. We calculate the
particle density np(i) = np,↑,i + np,↓,i, the polarization
density mp(i) = np,↑,i − np,↓,i, and the particle density
for each spin component, np,σ,i. In addition, we exam-
ine the two-point pair correlation function, whose base
point is the trap center L/2 = 40, i.e., Cpair(i, 40) with
i = 40 + r and r ≥ 1.
Figures 3(a1, a2) show spatial profiles for np(i), mp(i)
and np,σ,i at N↑ −N↓ = 40. In addition, those for N↑ −
N↓ = 60 are shown in Fig. 3(b1, b2). Here, we focus
on Figs. 3(a1) and (b1). It is found that the fully-spin-
polarized region [i.e., np(i) = mp(i)] appears at the trap
edges. In addition, the particle density has a hump at
the trap center. Comparing the results in Upp/t = −15
(solid lines) with those in Upp/t = −3 (dashed lines),
we find that for the large value of |Upp|/t, the fully-spin-
polarized region enlarges whereas the area of the particle-
density hump shrinks. These behaviors are also checked
by Figs. 3(a2) and (b2).
The appearance of the fully-polarized regions is in-
sightful when exploring ordered states in trapped sys-
tems. Let us explain the origin of the fully-spin-polarized
states in terms of the attractive-repulsive transformation.
The effect of the trap potential is regarded as a spatially-
dependent chemical potential, µ(i) = µ − Vho(i). The
variation is equivalent with application of a spatially-
modulating magnetic field −µ(i)S¯zp,i into the system. We
find that µ(i) takes a negative value around the trap
edges. When |Upp|/t and N↑ − N↓ increase, the ferro-
magnetic property of the system becomes predominant.
The trap potential tends to store a polarized component
S¯zp,i (= ρ
z
p,i) < 0 on the trap edges. In other words, the
transverse components of the pseudo-spin-1/2 operator
ρ
(±)
p,i can vanish there. Since N↑ − N↓ > 0, the up-spin
components highly concentrate at the trap edges. Thus,
the superconducting pair can exist only in the density-
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FIG. 3: (Color online) Ground-state properties in a trapped
p-orbital chain, with (a) N↑−N↓ = 40 and (b) N↑−N↓ = 60.
The total particle number is fixed as N↑ + N↓ = 68. The
trap potential is harmonic trap Htrap, with potential strength
V/t = 1.7. The total number of the sites is L = 80. The
particle density np(i) and the spin density mp(i) are shown
in (a1,b1). The spin components np,σ,i are also shown in
(a2,b2). The dashed and solid lines denote the results with
weak (Upp/t = −3) and strong (Upp/t = −15) on-site inter-
action. The two-point pair correlation functions, whose base
point is the trap center L/2 = 40, are shown in (a3,b3). The
filled box () is for weak attractive interaction, whereas the
asterisk symbol (∗) is for strong attractive interaction.
profile humps.
We stress that the emergence of superconducting or-
der at the trap center depends on |Upp|/t and N↑ −N↓.
Here, let us check this point from the density profiles
before examining the pair-correlation function. Figures
3(a1, a2) show that the hump around the trap center for
Upp/t = −15 is regarded as another fully spin-polarized
region. The up-spin components fully occupy the sites
at the trap center, since np,↑,i = 1. It indicates that the
down-spin components behaves as spinless fermion. This
local phase can be attributed to the PS phase seen in
the uniform system. Although the polarized components
on the trap-edge regions are detectable in single-band
attractive Fermi gases [18], the phase separation in the
present system is more vivid (see Appendix B).
Now, let us examine the two-point pair correlation
function around the central area in the trap potential.
When N↑ − N↓ = 40 and Upp/t = −3, we find a spa-
tially oscillating pair correlation. The oscillation of the
pair correlation indicates the emergence of the FFLO su-
perfluid phase in trapped system [18]. The amplitude
of the two-point pair correlation completely vanishes in
N↑ − N↓ = 40 and Upp/t = −15. This result is rea-
sonable, since the motion of the up-spin component is
frozen as np,↑,i = 1. In contrast, when N↑ − N↓ = 60
and Upp/t = −15 , the spin degrees of freedom on the
5trap central area survive [np,↑,i 6= 1 in Fig. 3(b2)]. The
pair correlation function has a staggered oscillating be-
havior for Upp/t = −15 as seen in Fig. 3(b3). The
behavior is not obtained for Upp/t = −3. We evalu-
ate the particle density and the spin density at the trap
center. These densities exhibit np(i = 40) ≃ 1.24 and
mp(i = 40) ≃ 0.47. Since n˜ = 2 − np(i = 40) ≃ 0.76 and
m˜ ≃ 0.47, the region allows to grow the η-paring phase
as seen in Fig. 2(b). Thus, we propose that the η-paring
phase occurs in the region surrounded by the polarized
components in the presence of the trap potential. The
η-pairing phase can be experimentally verified by the de-
tection scheme of the FFLO superfluid phase in trapped
ultra-cold atomic gases. The measurement of the density
profiles such as phase-contrast polarization imaging [20],
a time-of-flight method [21], and an interferometic ap-
proach [23] allows us to obtain the information on the
wave vector k¯ of the two-point pair correlation function.
IV. SUMMARY
In conclusion, we studied the pair correlation function
in the 1-D p-orbital Fermi optical-lattice with the tune
of the attractive interaction and population imbalance.
The DMRG calculations in the uniform system revealed
that the off-diagonal long-range order characterized by
η-pairing emerges for a large interaction strength and
population imbalance range in addition to the FFLO
superfluid and PS phases. Furthermore, we examined
the effects of the harmonic trap potential. The η-paring
phase clearly appears in a central region surrounded by
the spin-polarized phase.
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Appendix A: multi-orbitals Hubbard Hamiltonian
We start with the following Hamiltonian
H =
∑
σ=↑,↓
∫
dx
[
ψ†σh0ψσ +
g
2
ψ†σψ
†
σ¯ψσ¯ψσ
]
, (A1)
with h0 = (−~
2/2m)∇2 + Vver + Vopt and the coupling
constant of the two-body interaction g. Vver and Vopt are
the cylindrically-symmetric vertical trap (on xy-plane)
and the optical lattices potential (along z-axis). The 1D
p-orbital Hubbard Hamiltonian Eq.(1) is derived from
Eq.(A1) using the expansion ψσ =
∑
α
∑
i cα,σ,iuαwi ,
where uα and wi are a wavefunction associated with the
eigensystem of
[
(−~2/2m)∇2⊥ + Vver
]
uα = ǫαuα and a
Wannier function formed by the optical lattices. The
indices α represent discrete energy levels caused by the
trap potential Vver. Now let us consider the situation
where lowest energy level are completely occupied, and
the 2nd levels are partially filled. Then, including the
2nd level corresponding to α = px, py-orbital and tak-
ing the tight-binding approximation, we obtain the 1D
p-orbital Hubbard Hamiltonian Eq.(1) with the hopping
term t = −
∫
dz wi+1
(
−~2
2m
∂2
∂z2
+ Vopt
)
wi and the on-site
interaction Uαα′ = g
∫
dxw4i u
2
αu
2
α′ . Here, we assume
that the vertical trap Vver(x⊥) is harmonic trap poten-
tial. Then, using the exact solution of the two dimen-
sional harmonic oscillator, the relation between intra-
orbital interaction Upp and inter-band interaction Upxpy
is given by Upxpy = Upp/3 .
Appendix B: Trapped single orbital 1D attractive
Hubbard chain
We show DMRG calculation results for single-band
Hubbard model with harmonic trap potential,
H = −t
∑
i,σ
(c†σ,i+1cσ,i + h.c.) + U
∑
i
n↑,in↓,i
+
∑
σ,i
V
(
i− (L+ 1)/2
(L− 1)/2
)2
nσ,i , (B1)
Fig 4 show the (spin-)density profiles and the two-point
pair correlation functions. The population imbalance is
set to be N↑ −N↓ = 20 and N↑ −N↓ = 30 via the total
particle number N↑+N↓ = 36 . Then, population imbal-
ance rates P ≡ (N↑ − N↓)/(N↑ + N↓) of Fig 4 become
same with that of Fig.3 in main text ((a) P = 5/9 and
(b) P = 5/6). We find that the results with small attrac-
tive interaction U/t = −3 are very similar with that of
p-orbital 1D chain (see Fig.3 in main article). Increasing
|U |/t, the polarized regions (n(i) = m(i)) are enlarged
as p-orbital chain. But the enlargement of the polarized
regions is small in comparison with Fig.3(a1,b1) in main
text. The vanishment behavior and staggered oscillation
of pair correlation functions as Fig.3(a3,b3) are not ob-
served in single band Hubbard chain. The behavior of the
(spin-)density profiles and correlation functions for large
attractive interaction U/t = −15 are qualitative different
with p-orbital 1D chain.
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